The capsule of Campylobacter jejuni strain 81-176 comprises the unusual 6-deoxy-α-D-altro-heptose, whose biosynthesis and function are not known. In the present study, we characterized enzymes of the capsular cluster, WcbK and WcaG, to determine their role in 6-deoxy-altro-heptose synthesis. These enzymes are similar to the Yersinia pseudotuberculosis GDP-manno-heptose dehydratase/reductase DmhA/DmhB that we characterized previously. Capillary electrophoresis and MS analyses showed that WcbK is a GDP-manno-heptose dehydratase whose product can be reduced by WcaG, and that WcbK/WcaG can use the substrate GDP-mannose, although with lower efficiency than heptose. Comparison of kinetic parameters for WcbK and DmhA indicated that the relaxed substrate specificity of WcbK comes at the expense of catalytic performance on GDP-mannoheptose. Moreover, although WcbK/WcaG and DmhA/DmhB are involved in altro-versus manno-heptose synthesis respectively, the enzymes can be used interchangeably in mixed reactions. NMR spectroscopy analyses indicated conservation of the sugar manno configuration during catalysis by WcbK/WcaG. Therefore additional capsular enzymes may perform the C3 epimerization necessary to generate 6-deoxy-altro-heptose. Finally, a conserved residue (Thr 187 in WcbK) potentially involved in substrate specificity was identified by structural modelling of mannose and heptose dehydratases. Site-directed mutagenesis and kinetic analyses demonstrated its importance for enzymatic activity on heptose and mannose substrates.
INTRODUCTION
Campylobacter jejuni is a bacterial pathogen that causes endemic and traveller's gastroenteritis, reactive arthritis, neurological disorders and intestinal adenomas [1] [2] [3] . In developed countries, C. jejuni infections are usually associated with consumption of contaminated food. Being a commensal in birds, C. jejuni is naturally present in poultry faecal matter, and contamination of poultry meat by C. jejuni occurs very readily during slaughter of the birds and downstream processing. Incidence rates of contamination of retail poultry products by C. jejuni are alarming in most developed countries [4, 5] . As a result, food-borne campylobacteriosis associated with consumption of undercooked poultry is a common problem [6] . For example, this pathogen causes yearly >10000 cases of campylobacteriosis in Canada, which is more than pathogenic Escherichia coli and Salmonella infections combined [7] . C. jejuni is also the cause of considerable morbidity and mortality for the very young and the elderly in developing countries, where infection is mostly contracted via consumption of improperly sanitized water often initially contaminated by bird droppings. Although efficient antibiotics against C. jejuni exist, antibiotic-resistant strains are a serious concern [7] [8] [9] . Hence novel treatment avenues are needed to treat infected patients or to eradicate C. jejuni from chicken before slaughter. This requires identifying novel anti-campylobacter targets.
C. jejuni produces a capsule that is important for its virulence [10] [11] [12] . The capsule comprises modified heptoses that are present as 6-deoxy or 6-O-methyl derivatives with various sugar ring configurations (L-gluco-, D-altro-, ido-heptose) depending on the strain [13] [14] [15] [16] . These heptose derivatives may be present as a side branch or may be part of the main capsular chain. The contribution of the modified heptoses to capsular function and bacterial virulence is not known. Likewise, Burkholderia pseudomallei harbours 6-deoxy-L-talo heptose in its capsule and the capsule is important for virulence [17, 18] , but the precise role played by the modified heptose in capsular function is unknown. However, in Yersinia pseudotuberculosis, we demonstrated previously that the 6-deoxy-D-manno-heptose that is present in the lipopolysaccharide [19] [20] [21] affects the barrier function of the lipopolysaccharide and affects the overall virulence of Y. pseudotuberculosis [22] . Because the modified heptoses are not found in mammals, inhibiting bacterial heptose-modifying enzymes should not affect host metabolism. Therefore the enzymes responsible for the synthesis of modified heptoses could serve for the development of inhibitors against Campylobacter and other bacterial pathogens that produce heptose derivatives. These enzymes may also be interesting as glyco-engineering tools, allowing the synthesis of carbohydrate epitopes containing modified heptoses that would be useful for vaccination against pathogenic bacteria. This requires a better understanding of the biosynthesis of the modified heptoses, including the molecular basis for the enzymes' substrate and product specificities. The presence of 6-deoxy-heptoses of various sugar configurations in the surface carbohydrates of various bacterial species offers a golden opportunity to address this question.
Our laboratory has characterized the biosynthesis pathway for 6-deoxy-D-manno-heptose of Y. pseudotuberculosis at the biochemical and genetic levels. In this bacterium, the C6 GDP-manno-heptose dehydratase DmhA and the associated C4 reductase DmhB are responsible for the formation of the GDP-6-deoxy-manno-heptose that is ultimately used for lipopolysaccharide synthesis [22] [23] [24] . A DmhA homologue, WcbK, is encoded by the capsule gene cluster of C. jejuni strain 81-176, which harbours 6-deoxy-α-D-altro-heptose in its capsule [13, 25] . WcbK is 78 % identical with and 87 % similar to DmhA. A DmhB homologue, WcaG (also formerly known as HrEpiD), is also encoded by the capsule gene cluster of this C. jejuni strain, but only exhibits 23 % identity and 43 % similarity with DmhB. The fact that the heptose found in the capsule of C. jejuni strain 81-176 is in the D-altro configuration indicates that a C3 epimerization step occurs along the biosynthetic pathway to alter the heptose ring from the D-manno configuration found in the precursor to the D-altro found in the capsule ( Figures 1A and 1B) . It is not known whether WcbK, WcaG or an independent C3 epimerase will carry out this modification.
We undertook the biochemical characterization of WcbK and WcaG to establish their role in 6-deoxy-altro heptose formation and to determine whether they present novel substrate and product specificities compared with their DmhA/DmhB counterparts. Using a combination of CE (capillary electrophoresis), MS and NMR spectroscopy analyses, we investigated whether WcbK could use GDP-D-manno-heptose or GDP-mannose as a substrate, whether its reaction products were the same as the products obtained with DmhA and compared its catalytic efficiency with DmhA. We also investigated whether WcaG could serve as an acceptor for the WcbK and DmhA reaction products, and compared the reaction products generated by WcaG with those generated by DmhB. NMR spectroscopy analyses were performed to determine whether WcbK or WcaG had any epimerization activity. Finally, structural modelling and sitedirected mutagenesis identified an important residue for substrate binding and/or catalysis in WcbK.
EXPERIMENTAL

Cloning of wcbK and wcaG in the pET vector
The wcbK and wcaG genes from C. jejuni 81-176 (kindly provided by Dr P. Guerry, Enteric Diseases Program, Naval Medical Research Center, Silver Spring, MD, U.S.A.) were PCRamplified from chromosomal DNA using the primers WcbKP2/P3 and WcaGP2/P3 (Table 1 ) and using Pfu DNA polymerase as recommended by the manufacturer (Stratagene). The PCR products were digested with NcoI and BamHI, and were cloned into the pET23 derivative [26] with an N-terminal His tag. The constructs were used for transformation into E. coli DH5α with ampicillin selection (100 μg/ml). The resulting plasmids pETwcbK and pET-wcaG were then purified using the GFX kit (GE 
Site-directed mutagenesis
Site-directed mutagenesis was performed according to the QuikChange ® mutagenesis procedure using Pfu Turbo DNA polymerase to construct the T187N and T187V mutants of WcbK. The primers used were WcbKP4 and P5 for T187N, and WcbKP6 and P7 for T187V (Table 1) . For each mutant, two independent 25 μl reactions comprising one primer each (10 pmol), 20 ng of pET-wcbK template plasmid and 0.62 units of Pfu enzyme in 1 × Pfu buffer were set up. The PCR programme comprised a 2 min denaturation at 95 • C, followed by cycles of 30 s at 95 • C, 1 min at 55
• C and 6 min at 72 • C. After ten PCR cycles, 12.5 μl of each individual reaction were combined, 0.62 units of Pfu enzyme were added, and PCR was resumed for 20 more cycles as described previously [27] . The PCR products were digested with DpnI (Stratagene) and were used to transform E. coli DH5α with selection on 100 μg/ml ampicillin. The plasmids extracted from independent clones were sequenced using the T7 promoter primer and WcbKP3 (Table 1) to check for the exclusive presence of the desired mutations.
Protein expression and purification
Protein expression for WcaG and WcbK (wild-type and mutants) was performed in E. coli BL21(DE3)pLys, using LB (LuriaBertani) broth supplemented with 100 μg/ml ampicillin and 34 μg/ml chloramphenicol. Protein expression was induced by the addition of 0.15 mM isopropyl β-D-thiogalactopyranoside. Induction was carried out at room temperature (22 • C) for 3 h. For DmhA and DmhB, overexpression of the proteins was performed as described previously [23] . For all proteins, the cells were harvested by centrifugation (15 300 g, 20 min) at the end of the induction period and stored at − 20
• C until needed. Protein expression was checked by SDS/PAGE analysis (10 % gel) with Coomassie Blue staining or anti-His tag Western blotting using a mouse anti-His IgG antibody (Sigma-Aldrich) and an Alexa Fluor ® 680-labelled goat anti-mouse IgG antibody (Molecular Probes). Detection was performed using a LI-COR Odyssey Infrared Imaging System.
Purification of His-tagged WcbK and WcaG by nickel chelation
The induced cell pellets were resuspended in 30 ml of binding buffer (20 mM imidazole, 20 mM Tris/HCl and 0.5 M NaCl) adjusted to pH 8.0 for WcbK and pH 7.0 for WcaG. Lysozyme was added (150 μg/ml) and the sample was incubated on ice for 15 min before being passed through a French press three times. Cellular debris and insoluble proteins were removed by centrifugation for 20 min at 15 300 g. The samples were then subjected to ultracentrifugation at 40 000 rev./min for 45 min using a Ti 70 rotor. The proteins were purified by FPLC using a 1.6 ml Poros MC 20 column (4.6 mm × 100 mm; Applied Biosystems) that had been loaded with nickel sulfate and equilibrated with 10 CV (column volumes) of binding buffer. The sample was passed through the column twice before the column was washed with 10 CV of binding buffer. The proteins of interest were eluted by a linear gradient of imidazole from a concentration of 50 mM to 1 M in 30 CV. The fractions that contained the pure protein of interest were pooled and dialysed (cut-off of 3500 Da) in 50 mM Tris/HCl, pH 8.0, overnight at 4
• C. The purified proteins were analysed by SDS/PAGE as described above and were stored in 50 % glycerol at − 20
• C.
Cross-linking experiments
Cross-linking was performed using 0.25 % glutaraldehyde in water and 12-30 μg of enzymes. The reactions were incubated for 1 h at room temperature and the samples were boiled and analysed by SDS/PAGE with Coomassie Blue staining.
Preparation of GDP-manno-heptose substrate
GDP-manno-heptose substrate was prepared enzymatically from sedoheptulose 7-phosphate (GlycOTeam) using overexpressed and purified GmhA/B/C and D enzymes from Aneurinibacillus thermoaerophilus as described previously [23] . It was purified by anion-exchange chromatography using a 5 ml High Q Econopac column (Bio-Rad Laboratories) and a linear gradient of 20 CV of TEAB (triethylammonium bicarbonate), pH 8.5, (50 mM-1 M) at 1 ml/min as described previously [28] . After freezedrying, substrate quantification was performed using a NanoDrop spectrophotometer and using ε GTP = 12 000 mol
CE of sugar nucleotides
CE was performed on a Beckman Gold instrument using the 32 Karat software and a 57 cm bare silica capillary. The initial conditioning of the capillary was performed by washing the capillary with 0.1 M HCl for 30 min at 20 psi (1 psi = 6.9 kPa), followed by 10 min of water. For sample analyses, the capillary was washed for 2 min with 200 mM Borax buffer, pH 9, the sample was injected by pressure for 4 s, separation was performed under 26 kV and detection was at 254 nm. The capillary was washed for 2 min with water, for 2 min with 0.1 M NaOH and for 2 min again with water between each run. Substrate conversion was estimated by integration of the surface areas under the substrate and product peaks using the 32 Karat software. MS analyses of the purified WcbK and WcaG enzymes were performed by MALDI (matrix-assisted laser-desorption ionization) using a 4700 Proteomics Analyzer (Applied Biosystems) in the linear positive-ion mode to confirm their size. The analyses were performed at the MALDI-MS facility of the University of Western Ontario as described previously [23] .
Enzyme assays
Typically reactions were performed by incubating 50 ng-2 μg of enzyme with 0.1 mM substrate [GDP-manno-heptose prepared as described above or commercial GDP-mannose (Sigma)] in a final volume of 10 μl of 200 mM Tris/HCl buffer, pH 8.5, unless stated otherwise. Reactions were incubated for as little as 2 min to up to overnight at 37
• C. Specific conditions for each experiment are stated in the legends to the Figures. The reaction products were analysed by CE as described above. Large-scale reactions of 200 μl were prepared by a direct proportional increase of all components for MS analysis. In that case, the buffer used was volatile TEAB.
For determination of K m , V max and catalytic-centre activity, 11 reactions with various concentrations of substrate (0.2-1.2 mM) were set up in duplicate and incubated at 37
• C for reaction times (15 and 20 min for GDP-mannose, and 13 and 17 min for GDPmanno-heptose) that fell within the range of linearity of product formation over time and that allowed conversion of <10 % of the substrate for Michaelis-Menten analysis. The data are the average of two independent experiments and were calculated using the Lineweaver equation. All reactions were flash-frozen in a solid CO 2 ethanol bath and were run individually immediately after thawing. Protein concentrations were determined using the Bio-Rad protein assay reagent according to the manufacturer's directions with BSA as a standard.
NMR spectroscopy
Large-scale reactions were performed using 1 μmol of GDPmannose, 1.5 μmol of NADH, 14 μg of WcbK or 5 μg of DmhA, and 16 μg of WcaG in 1.5 ml of 0.2 M TEAB, pH 8.5. The enzymes were added to the reactions as four equal aliquots over a 2 h period, and the reactions were left to incubate further overnight at 37
• C. The reactions were filtered through a 10 kDa cut-off ultrafiltration centrifugal device (Pall Filtron) to remove the enzymes, and the reaction products were purified by anionexchange chromatography as described above. The purity of the fractions was monitored by CE. The purified products were freezedried repeatedly after resuspension in Milli-Q water (twice) and in 2 H 2 O (four times). All 1 H NMR data were collected with a Varian Inova 600 MHz NMR spectrometer at 25
• C. One-dimensional 1 H NMR spectra were collected using a 2 s presaturation pulse centred on the residual 1 H 2 HO resonance. 1 H and 13 C assignments for the WcbK/WcaG reaction product were determined from a two-dimensional 1 H TOCSY experiment [29] , using a 6 kHz spinlock for 256 complex increments and a natural abundance 1 H-13 C HSQC (heteronuclear single-quantum coherence) experiment [30, 31] . All spectra were processed using VnmrJ 2.1B software and 1 H and 13 C chemical shifts referenced to DSS (2,2-dimethylsilapentane-5-sulfonic acid) at 0.00 p.p.m.
Structural modelling
Structural modelling of WcbK and its Burkholderia pseudomallei and Y. pseudotuberculosis homologues WcbK BP and DmhA was performed using Swiss-Model (http://swissmodel.expasy.org) in the automatic mode. This led to automatic selection of the structures of GDP-mannose dehydratases from Pseudomonas aeruginosa (GMD, GDP-D-mannose 4,6-dehydratase; PDB code 1RPN) [32] or Arabidopsis thaliana (Mur1, PDB code 1N7G) [33] as a template. When needed, modelling was also performed in the 'constrained' mode using the GMD structure as a template. The models were visualized and aligned using PyMol (http://www.pymol.org). Residues involved in substrate binding in Mur1 were identified using the Ligand-Protein contacts software [34] (http://bip.weizmann.ac.il/oca-bin/lpccsu) and the accessible surface area in the binding site was calculated using the VADAR software [35] (http://vadar.wishartlab.com/). Matching residues constituting the binding sites in the GMD, WcbK and DmhA homologues were identified via sequence alignments and structural modelling. The accessible surface areas of these binding sites were also calculated using VADAR.
RESULTS
Expression and purification of WcbK and WcaG
Both WcbK and WcaG could be overexpressed in E. coli BL21(DE3)pLysS at high yield and in a soluble N-terminal His 6 -tagged form using the pET system. They were purified to near-homogeneity in a single step of nickel-chelation-affinity chromatography, and migrated on SDS/PAGE gels at the expected size of 40.5 kDa and 36.5 kDa for WcbK and WcaG respectively ( Figure 2A ). The overexpressed proteins reacted readily with the anti-His antibody, thereby verifying their identity. Peaks of the expected sizes were also obtained for each enzyme by MALDI-MS analysis (results not shown). Cross-linking experiments showed that WcbK formed dimers and tetramers in solution (results not shown). The dimers were also observed by MALDI-MS and are consistent with published structural data from similar GDP-mannose dehydratases [32, 36] . In contrast, WcaG did not oligomerize under the conditions tested by cross-linking and no oligomers were detected by MALDI-MS (results not shown).
WcbK uses GDP-manno-heptose as a substrate
Incubation of GDP-manno-heptose with WcbK led to the appearance of a new product (called P1) that migrated slightly upstream of the heptose substrate peak (peak H) by CE ( Figure 3A , compare trace a with traces c and d). Degradation of P1 into GDP (migrating as peak P2 at 12 min; not shown), was also noted for long incubation times. Upon co-injection on the CE, product P1 
b). When cofactors [NAD(P)H] were supplied (trace c), catalysis was enhanced and formation of oxidized cofactors NAD(P)
+ was observed, indicating that WcaG can use either cofactor. However, the fact that all of the NADH was consumed and some NADPH remained indicates that NADH may be the preferred cofactor for WcaG. Reactions were performed by incubating 50 ng of WcbK with 0.05 mM heptose for 3 h, followed by incubation with 4 μg of WcaG and the appropriate cofactor. This large amount of WcaG was necessary to observe catalysis in the absence of exogenous cofactor. However, 250 ng of WcaG sufficed to observe catalysis in the presence of cofactor. Trace a: WcbK only. Trace b: WcbK and WcaG, no cofactor. Trace c: WcbK and WcaG, with NAD(P)H cofactors. Trace d: sample from trace c to which purified GDP-6-deoxy-manno-heptose (P3) was added. Trace e: control for cofactors. a.u., arbitrary units; enz, enzyme; OD, A (absorbance).
co-migrated with the reaction product of DmhA ( Figure 3A , traces b and e), which was previously identified as GDP-4-oxo,6-deoxy-D-lyxo-heptose [23] ( Figure 1C ). This suggests that WcbK and DmhA make the same reaction product.
WcaG reduces the heptose-based reaction product of WcbK
WcaG converted the P1 reaction product obtained upon incubation of GDP-manno-heptose with WcbK into a new product (peak P3) that co-migrated with the product P3 generated by DmhA/DmhB ( Figures 3B and 1D ). Catalysis performed in the presence of the exogenous cofactor NAD(P)H was accompanied by consumption of NAD(P)H and formation of NAD(P) + , indicating that catalysis involved a reduction step ( Figure 3B , trace c) and that WcaG could use either cofactor. Although NADH was entirely used up under the conditions tested, a significant amount of NADPH was left, suggesting that NADH may be the preferred cofactor. Limited catalysis could also occur in the absence of exogenous cofactor ( Figure 3B , trace b). This suggested that WcaG harboured a bound cofactor that was not lost during nickel chromatography purification. This cofactor supported a first round of catalysis and was not released from the enzyme during the process, since no NAD(P)
+ peak was observed on CE traces ( Figure 3B , trace b). In the absence of exogenous reduced cofactor, there was no possibility for replenishment of the enzyme, so catalysis did not proceed to completion. Therefore a significant portion of the WcbK reaction product P1 degraded into P2. The percentage conversion observed in the absence of extra cofactor was consistent with the high enzyme/substrate molar ratio used for these experiments.
Dialysis of purified WcaG resulted in loss of activity, which could be restored partly upon addition of NAD(P)H (results not shown). This indicates that the cofactor was lost upon dialysis of WcaG and may also play a role in stabilizing its structure. More activity was restored upon addition of NADH than NADPH (results not shown), indicating that although WcaG can use either cofactor, NADH is the optimal one. This is consistent with the results in Figure 3 (B), trace c, that also suggested that NADH was the favoured cofactor.
Identity of the reaction products P1 and P3 generated upon catalysis of GDP-manno-heptose by WcbK and WcaG
LC-MS/MS analysis of the WcbK reaction product showed the presence of a product at m/z 616 ( Figures 4A and 4B) , which corresponds to the loss of 18 mass units compared with the original substrate (detected at m/z 634). This is consistent with the formation of the expected 4-oxo, 6-deoxy-heptose intermediate. Also, the MS/MS of the parent peak at m/z 616 yielded a fragment at m/z 333, which corresponds to the dehydrated heptose ring. The MS/MS pattern also showed fragments previously assigned to the GDP moiety of the molecule [23] , which is not affected by catalysis.
LC-MS/MS analyses indicated that catalysis of GDP-mannoheptose by the WcbK/WcaG enzyme pair leads to the formation of a product with m/z 618, as expected for GDP-6-deoxy-heptose ( Figure 4C ). Its MS/MS pattern was identical with that observed for GDP-6-deoxy-manno-heptose (P3; Figure 3B ) obtained with DmhA/DmhB.
The WcbK heptose-based reaction product can be used by DmhB
A C3 epimerization step is necessary to form the 6-deoxy-altroheptose present in the capsule of C. jejuni strain 81-176. We previously demonstrated by NMR that the heptose configuration was retained in the DmhA/DmhB pathway, as DmhA and DmhB use and release sugars in the D-manno configuration [23] . Therefore, to further investigate whether WcbK could be involved in the C3 epimerization process, we tested whether its reaction product could be used by DmhB, with the premise that a C3-epimerized product would probably not be readily used by DmhB.
When the reductase DmhB was added to WcbK/GDP-mannoheptose reactions, conversion of the WcbK product (P1) into a new product (P3) was observed ( Figure 5A , trace c, peak P3). This WcbK/DmhB product P3 co-migrated with the GDP-6-deoxymanno-heptose generated by DmhA/DmhB ( Figure 5A , traces e-g). Although this does not exclude the presence of isomers, this suggests that the WcbK reaction product comprises the regular 4-oxo, 6-deoxy-lyxo intermediate used by DmhB.
WcaG reduces the heptose-based DmhA reaction product
To further probe whether WcbK supplies a C3-epimerized product to WcaG, or if WcaG uses a non-epimerized substrate (in manno configuration, as produced by DmhA) and could epimerize it concomitantly with the reduction reaction, we tested whether WcaG could also reduce the GDP-4-oxo-6-deoxymanno-heptose produced by DmhA. A product was readily obtained ( Figure 5B , trace c) and it co-migrated with the DmhA/DmhB reaction products ( Figure 5B , traces d and e). The DmhA/WcaG product was detected at m/z 618 by MS, as expected for a oxo, 6-deoxy derivative, and its MS/MS fragmentation pattern was identical with that of the DmhA/DmhB reaction product reported previously ( Figure 4D ) [23] . Collectively, these results suggest that WcbK/WcaG enzymes do not carry out the expected C3 epimerization of the substrate.
WcbK also uses GDP-mannose as a substrate
To test whether WcbK is specific for GDP-manno-heptose, or can also use hexoses as substrates, its ability to use GDP-mannose was investigated. Catalysis of GDP-mannose proved to be very efficient, with formation of a new product migrating ∼1 min downstream of GDP-mannose ( Figure 6A, peak P1 ). This product represents potentially GDP-4-oxo-6-deoxy-mannose on the basis of prior assignments [37] . This product was formed even with low amounts of enzyme, short incubation times, and upon incubation at low temperature. This indicates that GDP-mannose is a good substrate for WcbK. This is in contrast with DmhA, which only used the GDP-mannose substrate very poorly [23] . Over time and upon exposure to high temperature, product P1 degraded into product P2 ( Figure 6A ), which we identified previously as GDP. [23] LC-MS/MS analysis of the GDP-mannose/WcbK reaction product showed the presence of a product at m/z 586 ( Figures 7A  and 7B) , that is 18 mass units lower with the original substrate (m/z 604). The MS/MS of the parent peak at m/z 586 yielded a fragment at m/z 303 that corresponds to the dehydrated mannose ring. These MS results are consistent with the expected formation of a 4-oxo-6-deoxy intermediate.
The WcbK mannose-based reaction product can be used interchangeably by DmhB or WcaG
CE analyses demonstrated that DmhB and WcaG can reduce the mannose-based dehydration product of WcbK (Figures 6B  and 6C ). With either enzyme, the product obtained co-migrated with the P3 DmhA/DmhB reaction product ( Figure 6B , traces d-f). This product migrates very closely to the GDP-mannose substrate, but control reactions performed in the absence of WcaG or DmhB showed that the substrate had been totally consumed by WcbK under the conditions used ( Figures 6B and 6C , traces b), thereby confirming that the peak observed corresponds to a new reaction product generated by WcaG or DmhB. Although DmhB requires cofactor for function as demonstrated previously [23] , catalysis by WcaG was observed both in the presence or absence of exogenous cofactors. In the absence of exogenous cofactors ( Figure 6C , trace c), catalysis was incomplete as some WcbK product (P1 , 40%) was still present and a significant amount of P1 was degraded into GDP (peak P2 , 20%). Product P3 was nevertheless clearly detected (30 %). When the reactions were performed in the presence of NADH ( Figure 6C , trace d), catalysis with WcbK/WcaG was complete as hardly any WcbK product P1 was left, no degradation of P1 into P2 was observed, and all of the cofactor was transformed into NAD + (trace d). In contrast, even in the presence of cofactor, catalysis of the WcbK product by DmhB was inefficient, with significant degradation of P1 into P2 ( Figure 6B, trace c) .
To identify the final WcbK/WcaG reaction product P3 , LC-MS/MS analyses were performed on reactions prepared in the absence of cofactor but with large amounts of enzyme, to ensure that they had reached completion. The product was detected at m/z 588 and its MS/MS pattern was identical with that obtained with P3 formed by DmhA/DmhB ( Figure 7C ).
WcaG reduces the mannose-based DmhA reaction product
As observed with the WcbK/WcaG or WcbK/DmhB pairs, incubation of GDP-mannose with DmhA/WcaG led to the formation of the expected P3 product detected as a right shoulder off the GDP-mannose peak ( Figure 6D ). This new peak had the expected size (m/z 588) and fragmentation pattern in MS analyses ( Figure 7D ). Therefore WcaG is also able to reduce the DmhA mannose-based reaction product.
Comparative NMR spectroscopy analysis of the WcbK/WcaG and DmhA/WcaG reaction products As mentioned above, the DmhA/DmhB pathway generates GDP-6-deoxy-manno-heptose, whereas 6-deoxy-altro-heptose is found in the capsule of C. jejuni strain 81-876. It is not known whether WcbK, WcaG or another unidentified enzyme are responsible for the required change of sugar configuration. Although the heptose-based and mannose-based products generated by WcbK and WcaG appear identical with the DmhA and DmhB products by CE and MS analyses, we cannot exclude the presence of isomers in WcbK/WcaG reactions at this stage. Differences of reactivity of DmhB on the mannose dehydration products of WcbK and DmhA also suggest potential differences in stereochemistry of the products. Therefore the reaction products needed to be compared by NMR spectroscopy.
Considering the difficulty in producing the GDP-mannoheptose substrate in amounts suitable for NMR analyses, NMR experiments were carried out using GDP-mannose, as WcbK and WcaG readily catalyse conversion of this substrate (Figure 8 ). The spectrum of the WcbK/WcaG product compared with the spectrum of the starting material GDP-mannose clearly indicated the occurrence of C6 dehydration. Namely, a new 1 H signal was observed at 1.25 p.p.m. (Table 2 ) in the WcbK/WcaG product that was coupled to H5 on the basis of 1 H-TOCSY data. The 13 C shift 13 C chemical shifts of the C6 methyl signal for GDP-rhamnose, the C6 dehydration product of GDP-mannose [38] . In addition, a large chemical shift change, from 3.67 to 3.41 p.p.m., was noted for H4 in the WcbK/WcaG product as a result of hydroxy removal at C6. A similar change in chemical shift for H4 occurs upon dehydration at C6 of GDP-glycero-mannoheptose by DmhA [23] , reflecting the change in environment at H4 from removal of the alcohol group. Collectively, these results demonstrate the occurrence of C6 dehydration.
The chemical shifts and 3 J HH coupling constants for the WcbK/WcaG P3 reaction product appeared nearly identical with the DmhA/WcaG P3 reaction product, indicating that WcbK does not have any epimerization activity ( Figure 8 ). Although this does not allow any conclusions about the potential epimerization activity of WcaG, we could not generate enough DmhA/DmhB product for comparison purposes owing to the poor catalysis of the DmhA mannose-based substrate by DmhB. However, the NMR spectra showed large 1 H, 1 H coupling constants (>9 Hz) between H3, H4 and H5, consistent with their trans arrangement around the sugar ring (Table 2) . Furthermore, the data were very similar to the published GDP-rhamnose spectrum [38] [39] [40] whereby GDPrhamnose is the direct C6 dehydration product of GDP-mannose obtained via the activity of a non-epimerizing GDPmannose dehydratase and reductase pair. This indicates that the purified reaction products analysed are all identical and have retained the manno configuration.
Physico-kinetic parameters for the activity of WcbK
No exogenous cofactor was required for, nor increased, catalysis of the heptose or hexose substrates by WcbK. On the basis of the known reaction mechanism for C6 dehydration, this suggests that WcbK carries a tightly bound NAD(P) + molecule. This was Selected regions of the 600 MHz 1 H NMR spectra for GDP-mannose (A) and the P3 products from DmhA/WcaG (B) and WcbK/WcaG (C) enzyme reactions. Each spectrum shows the 1 H assignments of the sugar ring (1-5) and ribose (3 -5 ) protons based on 1 H TOCSY experiments. The 1 and 2 protons from the ribose portion of the molecule were assigned and observed in different regions of the spectrum (not shown). In (A), peaks 6a and 6b correspond to the two protons of c6 of GDP-mannose. In (B) and (C), the H6 methyl group is found at 1.25 p.p.m. and is not shown in the spectra. Peaks labelled * result from small buffer impurities. The spectral regions are not scaled identically. demonstrated by the fact that the presence of NAD + was observed by MS analysis of the supernatant obtained after heat denaturation of WcbK (results not shown).
As determined using GDP-mannose as a substrate, the activity of WcbK was optimal at pH 8.5-9.0 and between 37 and 50
• C (results not shown). The slightly thermophilic character of WcbK could reflect the adaptation of C. jejuni for optimal growth at 42
• C, and is consistent with the fact that the capsule and its heptose modification are functionally important in vivo.
Kinetic parameters were determined under the optimal conditions described above for both the heptose and hexose substrates. As summarized in Table 3 , the K m values for GDPmanno-heptose and GDP-mannose were of the same order of magnitude and indicated relatively strong affinity of WcbK for both substrates. They were comparable with values previously obtained for DmhA. Although the catalytic efficiency for GDPmanno-heptose was 70-fold lower for WcbK than for DmhA, the k cat and catalytic-centre activity k cat /K m were much higher for GDP-manno-heptose than for GDP-mannose, indicating preference of WcbK for the heptose-based substrate versus the hexose, as seen for DmhA. For GDP-mannose, the catalytic-centre activity k cat /K m was ∼3-fold higher for WcbK than for DmhA. This, along with the higher enzyme concentrations obtainable for WcbK than for DmhA, explains that the product P1 could be observed with WcbK but not with DmhA [23] .
Physico-kinetic parameters for WcaG
Using the WcbK/GDP-mannose reaction product as a substrate, we determined that WcaG functioned optimally at 37
• C and in the pH range 8.0-9.5 (results not shown). The absolute K m and V max of WcaG could not be determined because of the unstable character of the oxo substrates.
Structural modelling of the three heptose dehydratases
As mentioned earlier, 6-deoxyheptoses of various configurations are found in Y. pseudotuberculosis (D-manno), C. jejuni 81-176 (D-altro) and B. pseudomallei (L-talo). Our biochemical analysis revealed different heptose versus hexose preference patterns for the Y. pseudotuberculosis DmhA and the C. jejuni 81-176 WcbK (called WcbK CJ in this section for clarity) [23] , as well as different catalytic efficiencies on GDP-manno-heptose. Therefore the structures of the dehydratases found in each species were modelled to identify residues potentially involved in determining their substrate specificity.
Structural modelling of WcbK CJ , WcbK BP and DmhA was performed using SwissModel. A single model was obtained for each protein in the automatic mode, which used the structure of the P. aeruginosa GDP-mannose dehydratase GMD (PDB code 1RPN) [32] for WcbK BP and DmhA, and used the structure of the A. thaliana GDP-mannose dehydratase Mur1 (PDB code 1N7G) [33] for WcbK CJ . A model of WcbK CJ was also obtained upon selection of the P. aeruginosa GMD structure as a modelling template. The two models were virtually identical (results not shown). The only differences comprised a slightly longer helix (Val 320 -Leu 342 ) with the Mur1-based model compared with the GMD-based model (Val 320 -Lys 336 ), and a small stretch of four amino acids (Glu 245 -Lys 248 ) that was predicted as a loop in the Mur1-based model, whereas it was predicted as a short helix in the GMD-based model. These differences are located remotely from the substrate-binding site. Since DmhA and WcbK BP were modelled with GMD as a template, the WcbK CJ model obtained with GMD was used for further comparisons of the three enzymes, as described below. Overall, the three models show a similar bilobal structure, one lobe consisting of a characteristic Rossmann fold important for cofactor binding, whereas the other is involved in GDP binding (Supplementary Figure S1 at http://www.BiochemJ.org/bj/439/bj4390235add.htm). Catalysis occurs presumably at the interface between both lobes as seen in GMD and Mur1. GMD is known to dimerize via the formation of a four-helix bundle involving helices a4 and a5 of each monomer [32] . These helices occupy the same positions in our models and probably support the dimerization of WcbK CJ that we observed via cross-linking and by MALDI-MS. GMD and Mur1 are also known to form tetramers via dimerization of dimers [32, 33] . The global similar modelled tertiary structure of WcbK CJ and its observed tetramerization in cross-linking experiments indicate that this is also the case for WcbK CJ , and probably for its homologues WcbK BP and DmhA.
Since Mur1 was previously co-crystallized with its cofactor and its reaction product GDP-rhamnose [33] , the obtained models were all aligned on to the Mur1 structure to facilitate analysis of their modelled active sites (Supplementary Figure S1) . GDPrhamnose is the dehydration product of GDP-mannose, and is [23] .
Figure 9 Stereo view of the modelled substrate binding site of WcbK
The model for the C. jejuni 81-176 WcbK was created using SwissModel and visualized with PyMol. The modelled structure of the WcbK substrate-binding site is shown overlayed with the active site of the GDP-mannose dehydratase Mur1 (PDB code 1N7G) that was co-crystallized with its cofactor (beige sticks) and GDP-rhamnose (light blue sticks). The hydrogen bonds between Mur1 and GDP-rhamnose are shown as red broken lines. The numbered amino acid residues correspond to WcbK. The side chains are shown as sticks and the main chains are shown as lines. Residues important for substrate and cofactor binding and catalysis are highlighted in colour as follows. The conserved catalytic serine/threonine, glutamic acid, tyrosine and lysine residues are in magenta. Residues involved in sugar binding and conserved in GDP-mannose and GDP-manno-heptose dehydratases are in dark blue. Residues involved in nucleotide (GDP) binding and conserved in all proteins are in green. All other coloured residues are different in the mannose dehydratases compared with the manno-heptose dehydratases, but are conserved within each category. See the text for details.
relevant to our present study since both DmhA and WcbK CJ can use GDP-mannose as a substrate. No crystal structure was available to proceed similarly with GDP-manno-heptose.
Residues potentially important for substrate binding and catalysis in the three GDP-manno-heptose dehydratases WcbK BP , WcbK CJ and DmhA were identified in the modelled structures based on data obtained for the P. aeruginosa and A. thaliana GDPmannose dehydratases GMD and Mur1 mentioned above, as well as for the E. coli GDP-mannose dehydratase [32, 33, 36] . These residues are presented for all proteins within the global protein structure in Supplementary Figure S1 , and more specifically in a zoomed stereo view of the active site for WcbK CJ (Figure 9 ). The residues are also shown in sequence alignments of protein segments that define the substrate-binding site (Figure 10 ). The canonical serine/threonine, glutamic acid, tyrosine and lysine catalytic residues were conserved in all proteins, and were identified in similar positions in each structure model (magenta in Figure 9 and Supplementary Figure S1) . A serine residue, known to coordinate both to the cofactor through its sidechain OH and to the rhamnose C3 OH group via its mainchain carbonyl, was conserved and occupied a similar position in all enzymes [Ser 88 (dark blue) in WcbK CJ ( Figure 9 and Supplementary Figure S1) ]. Similarly, an arginine residue known to coordinate both the cofactor and the C2 OH of the rhamnose through its guanidinium side chain in mannose dehydratases was conserved both in sequence and position in the three heptose dehydratase models [Arg 193 (dark blue) in WcbK CJ ( Figure 9 and Supplementary Figure S1) ]. This double coordination of the sugar and of the cofactor probably ensures proper positioning to facilitate hydride transfer from the sugar to the cofactor during catalysis. In contrast, a conserved asparagine residue known to coordinate with the C6 OH of GDP-mannose [32, 33] and with the β-phosphate of GDP via its amide side chain was replaced by a threonine residue in all heptose dehydratase models [Thr 187 (red) in WcbK CJ (Figure 9 and Supplementary Figure S1) ]. Although the polar character of the side chain is conserved by the asparagine/threonine substitution, the orientation of the threonine OH side chain is such that it cannot interact with the GDP phosphate and probably only interacts with the C7 OH group of the heptose substrate. No significant contact can be anticipated with the C6 OH in the heptose dehydratases on the basis of the structural models obtained (Figure 9 and Supplementary Figure S1 ). Consequently, a mannose substrate would not benefit from the additional fine-tuning of substrate positioning offered by this residue, which may explain the observed lower catalytic efficiency on such a substrate despite its ability to fit in the binding pocket. Therefore Thr 187 appears to be a potential candidate determinant of substrate specificity in WcbK CJ and its homologues, namely allowing proper positioning of the heptose via its interaction with the side-chain OH. The presence of a threonine residue instead of the asparagine found in mannose dehydratases also allows accommodation of the larger heptose via the slightly smaller size of threonine. WcbK CJ, C. jejuni 81-176 WcbK; WcbK BP, WcbK from B. pseudomallei; DmhA, GDP-manno-heptose dehydratase from Y. pseudotuberculosis; Mur1, GDP-mannose dehydratase from A. thaliana; GMD, GDP-mannose dehydratase from P. aeruginosa. AA#, number of the first amino acid of each segment in the protein sequence. The specific area of interaction of these residues within the sugar nucleotide (Area inter.) and the secondary structure adopted by these residues (b, β-sheet; h, α-helix) as determined by crystallography data for Mur1 and GMD and by structural modelling for the other proteins listed are indicated. 'cat.' indicates residues that do not have a direct interaction with the sugar nucleotide, but line up behind the catalytic residues, thereby probably playing a role in substrate binding by providing scaffolding for the catalytic pocket.
Not surprisingly, residues identified as important for binding of the GDP moiety of the substrate in mannose dehydratases were conserved or replaced by similar types of residues in the heptose dehydratases. This is the case for Arg 227 (in WcbK CJ ), which coordinates to the ribose and the β-phosphate, Arg 294 , which coordinates to both phosphates, and Phe 198 , which replaces a conserved valine residue that interacts with the α-phosphate through its main-chain amide (all in green in Figure 9 and Supplementary Figure S1 ). Likewise, Leu 267 and Val
220
(green in WcbK CJ ) are located in positions occupied by similar hydrophobic amino acids in most dehydratases and that are known to delineate the back end of the GDP-binding pocket in mannose dehydratases [36] . Several differences were nevertheless observed in the GDPbinding area. For example, the conserved tyrosine/phenylalanine residue that interacts with the guanine base in GDP-mannose dehydratases [36] is replaced by arginine [Arg 292 (orange) in WcbK CJ ( Figure 9 and Supplementary Figure S1) ], which may provide stabilization of the guanine via hydrogen bonding rather than ring stacking, but probably fulfils the same global role. In addition, a threonine residue [Thr 201 (cyan) in WcbK CJ ] replaces a conserved lysine of mannose dehydratases, but is still anticipated to be able to fulfil the hydrogen bonding previously identified between the Nε of lysine and the guanine ring via its OH side chain. Finally, the conserved glutamic acid residue that interacts via its sidechain carbonyl with the GDP ribose is replaced by a conserved aspartatic acid [Asp 297 (light orange) in WcbK CJ ]. The shorter side chain of the aspartatic acid residue could potentially pull the sugar deeper into the back of the sugar-binding pocket (GDP area), thereby allowing accommodation of the more bulky heptose at the front end of the binding pocket (heptose/mannose area).
The polar charged residues (Glu 188 of GMD and Asn 223 of Mur1; see Figure 10 and Supplementary Figure S1 ) not previously highlighted as being major contributors to substrate binding or catalysis, despite their conserved character, were replaced by a conserved valine residue [Val 196 (dark red) in WcbK CJ ] in all heptose dehydratases. Although too far from the modelled substrate to participate in direct interactions, this smaller and hydrophobic residue present in the heptose dehydratases may allow less constraint in the substrate-binding pocket, and therefore may allow accommodation of the bulkier heptose substrate. This is one example of the variability observed within the sequences surrounding the conserved residues involved in substrate binding between the GDP-manno-heptose and GDPmannose dehydratases. Overall, a sequence alignment of these sequences shows that these sequences were very conserved between the three heptose dehydratases, but differed slightly from the sequences found (and also conserved) in the hexose dehydratases ( Figure 10 ).
These differences did not result in significant differences in the accessible surface area in the binding sites of the heptose dehydratases compared with the mannose dehydratases. Indeed, the accessible surface areas of 629 and 691 Å 2 ) compared with all other proteins, reflecting a slightly more constricted binding site. Since the sequence conservation of substrate-binding-site residues between DmhA and WcbK CJ is 81 %, whereas it is only 42 % between Mur1 and WcbK CJ , the lower accessible surface area of the DmhA substrate-binding site may result from a tighter packing of the binding site caused by surrounding residues not directly involved in substrate binding.
Of final note is that several of the residues involved in interactions with the substrate are part of unstructured loops (Figure 10 ), implying that, even in DmhA, flexibility of the binding site may be necessary to accommodate the substrate.
Role of Thr 187 in substrate specificity of WcbK CJ
The role played by Thr 187 in substrate specificity of WcbK CJ was tested by site-directed mutagenesis. A T187N mutant was generated to mimic the situation observed in GDP-mannose dehydratases. A T187V mutant where threonine is replaced by a residue of similar size and shape was also generated to test whether the presence of threonine alleviates a simple steric hindrance problem whereby the larger asparagine residue may restrict the ability of GMD homologues to use heptose, or whether the polarity of the threonine side chain is important for interactions with the substrate.
The two mutants could be overexpressed and purified to nearhomogeneity under the same conditions as the wild-type WcbK ( Figure 2B ). Time course experiments performed with various enzyme concentrations showed drastically reduced catalysis of GDP-manno-heptose by either mutant compared with wild-type enzyme ( Figure 11A ). This demonstrated that the Thr 187 residue is important either in binding or catalysis of the GDP-mannoheptose substrate, and that both steric hindrance and side-chain polarity are important factors for fruitful catalysis. The fact that the T187V mutant was slightly more impaired than the T187N mutant suggests that proper positioning of the substrate via interaction through the polar threonine side chain is important for catalysis. This is also reflected by the fact that the threonine/valine mutant could hardly catalyse conversion of GDP-mannose, despite the larger binding pocket ( Figure 11B ). Note that these results were obtained using the same amounts of wild-type and mutated enzymes. However, significant levels of catalysis could be obtained with GDP-manno-heptose if larger concentrations of mutated enzymes were used, therefore eliminating the possibility that the relatively poor catalysis observed compared with the wildtype enzyme was due to major conformational changes of the enzyme upon introduction of the T187V/N mutations. Although increased catalysis of the GDP-mannose was anticipated in the T/N mutant compared with wild-type via restored coordination of the mannose C6 OH through the asparagine side chain, against expectations, this mutant only retained marginal ability to use GDP-mannose as a substrate relative to the wild-type ( Figure 11B ). Therefore, overall, these mutagenesis data identify Thr 187 and its polar side chain as important for substrate binding and/or catalysis by WcbK, but point to the fact that other residues of the binding pocket may also contribute to substrate specificity by allowing a very precise fit of the substrate within the binding pocket. Our structural modelling has indicated quasi conservation of most residues involved in direct interactions with the substrate. Therefore other residues involved in shaping the binding pocket indirectly via their interactions with the conserved amino acids highlighted may also play a crucial role in substrate specificity.
DISCUSSION
The present study is the first biochemical analysis of two key enzymes of the 6-deoxy-altro-heptose biosynthesis pathway that is important for capsule synthesis in a variety of Campylobacter species. This work capitalized on our in-depth analyses of DmhA/DmhB, similar enzymes from the 6-deoxy-manno-heptose synthesis pathway in Y. pseudotuberculosis. Although the WcbK and WcaG enzymes were expected to have the basic C6 dehydratase and C4 reductase activities on the basis of global sequence similarities with DmhA/DmhB and on the basis of the presence of conserved catalytic residues, it was not known if WcbK/WcaG were also responsible for the sugar ring configuration change of the heptose from manno to altro or whether another enzyme was involved. Heptoses of altered configurations are present in the surface polysaccharides of a variety of Campylobacter species [13] [14] [15] 25, [41] [42] [43] [44] . The corresponding gene clusters usually encode putative epimerase(s) that could be responsible for the ring configuration change(s) necessary in each strain [25, 45] , suggesting that the configuration of the heptose ring is retained during C6 dehydration. Our work on DmhA/DmhB demonstrated that this was the case in Y. pseudotuberculosis [23] . However, C6 dehydration can be accompanied by C5 epimerization [46] , thereby resulting in inversion of the ring configuration. The presence of a putative C3,C5 epimerase reductase (Fcl) in the capsular cluster of C. jejuni 81-176 used for our present studies suggests that a C5 epimerization may occur concomitantly with the C6 dehydration step, and that the putative C3/C5 epimerase reductase may restore the original C5 configuration to produce the final 6-deoxy-altro compound. This would lead to the net result of a single C3 epimerization step. Therefore it was necessary to assess the situation for WcbK and WcaG.
The CE and MS analyses in the present study demonstrated the direct C6 dehydratase and C4 reductase activities for the enzymes, and also indicated that WcbK and WcaG can be substituted for their DmhA and DmhB homologues in vitro. This suggested that they can perform their reactions on the same substrates as DmhA and DmhB, and generate at least the same products as DmhA/DmhB. Final demonstration of lack of epimerization activity was obtained by NMR spectroscopy. Therefore the present study establishes that the reactions products of WcbK and WcaG are GDP-4-oxo-6-deoxy-lyxo-heptose and GDP-6-deoxy-manno-heptose respectively ( Figures 1C and 1D) .
However, the present study also revealed differences between the two enzyme pairs that may point to an alternative biosynthesis pathway of GDP-6-deoxy-altro-heptose in C. jejuni 81-176. First, an important difference between DmhA and WcbK was the greatly reduced catalytic activity of WcbK for GDP-mannoheptose compared with DmhA. Although this may at first sight indicate that GDP-manno-heptose is not the natural substrate for WcbK and that, in vivo, the C3 epimerization of the substrate may take place before C6 dehydration, the modelling data argue against this hypothesis. Conservation of the hydrogen bonding network for the sugar with that observed in the Mur1-GDP-rhamnose complex rather supports the notion that WcbK can only accommodate the manno configuration of the sugar. Therefore C3 epimerization probably occurs after the WcbKmediated dehydration. Secondly, although it was not possible to determine kinetic parameters for WcaG for lack of stable substrate, semi-quantitative analyses performed using equimolar amounts of WcaG and DmhB enzymes indicated that catalysis was less efficient on the heptose-based substrate with WcaG than with DmhB (traces c on Figures 3B and 5A ). In contrast, WcaG appeared more efficient at catalysing the mannose-based substrate than DmhB, although both enzymes had poor catalytic abilities with regards to this substrate. This also highlights the fact that the 4-oxo-6-deoxy-lyxo-heptose intermediate may not be the preferred substrate for WcaG and that C3 epimerization may occur before the WcaG-mediated reduction step in vivo, although after the activity of WcbK. Therefore the GDP-6-deoxy-altro-heptose synthesis pathway may be more complicated than anticipated, and its full elucidation will require the elucidation of the activity of the candidate epimerases present in the capsular cluster, such as Fcl (the potential C3,C5 epimerase mentioned above) and Cj1430 (a potential epimerase/reductase).
Examination of the substrate-binding sites of modelled enzymes showed that a conserved asparagine residue involved in coordination of the C6 OH of the hexose in GMD and Mur1 was replaced by a threonine in all heptose dehydratases (Thr 187 in WcbK CJ ) and therefore appeared as a potential candidate determinant of substrate specificity. Although this residue was important for heptose catalysis, its mutations back to asparagine did not impart enhanced catalysis on GDP-mannose, and on the contrary decreased the ability of WcbK to use heptose as a substrate. Therefore additional residues are responsible for substrate specificity, and these would also be responsible for the differential catalytic abilities observed for DmhA and WcbK, both on heptose-and mannose-based substrates.
Finally, an interesting feature of WcbK and DmhA is their equal affinity for GDP-manno-heptose and GDP-mannose. The K m for both substrates are comparable with the K m of known C6 dehydratases [47] [48] [49] . However, WcbK had higher catalytic efficiency than DmhA on GDP-mannose, suggesting that WcbK may have a dual activity in vivo: capsule synthesis via catalysis of GDP-manno-heptose, and an unknown function via catalysis of GDP-mannose. C6 dehydration of GDP-mannose is usually associated with the formation of GDP-rhamnose, GDP-L-fucose or GDP-perosamine [38, 49, 50] , but neither rhamnose, fucose nor perosamine has been reported in the surface glycolipids of C. jejuni. As C. jejuni also produces a wide array of glycoproteins [51] , it will be interesting in the future to investigate whether rhamnose, fucose or perosamine sugars are present on any glycoprotein, and if their presence is WcbK-dependent.
AUTHOR CONTRIBUTION
Carole Creuzenet performed half of the enzymology experiments, prepared some samples for MS, carried out the modelling studies, identified the residue to mutate, analysed all of the data, prepared all of the CE Figures, and wrote the paper. Matthew McCallum performed enzyme purifications, SDS/PAGE and Western blot analyses, performed WcbK kinetics, determined optimal activity parameters for WcbK and WcaG, made the WcbK mutants and tested their activity. He also made and purified reaction products for NMR spectroscopy and MS and prepared several of the Figures. Gary Shaw performed all NMR analyses and the associated data interpretation and Figure preparation, helped to finalize the modelling shown in Figure 9 , performed the calculations for the accessible surface of the binding sites and edited the paper prior to submission.
Figure S1 Structural modelling of GDP-manno-heptose dehydratases
The models for the C. jejuni 81-176 WcbK (WcbK CJ ) and its homologues from B. pseudomallei (WcbK BP ) and Y. pseudotuberculosis (DmhA) were created using SwissModel and visualized with PyMol. (A) The structures of the three GDP-manno-heptose dehydratases are shown, along with the structures of the GDP-mannose dehydratases GMD (from P. aeruginosa) and Mur1 (from A. thaliana) that were used to model them. The view of all of the proteins is through the Rossmann fold. The cofactor and reaction product GDP-rhamnose that were co-crystallized with Mur1 are shown in the Mur1 structure. (B) Zoomed-in active sites overlaid with the active site of Mur1 that comprised its cofactor (beige sticks) and GDP-rhamnose (light blue sticks). The numbered amino acid residues correspond to each structure displayed (not to the Mur1 template used for alignment). In (A) and (B), residues important for substrate and cofactor binding and catalysis are highlighted in colour. The conserved catalytic serine/threonine, glutamic acid, tyrosine and lysine residues are in magenta. Residues involved in sugar binding and conserved in all proteins are in dark blue. Residues involved in GDP binding and conserved in all proteins are in green. All other coloured residues are different in the mannose dehydratases compared with the manno-heptose dehydratases, but are conserved within each category. See the main text for details.
